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Abstract:  
Amorphous Si (a-Si) nanostructures are ubiquitous in numerous electronic and 
optoelectronic devices. Amorphous materials are considered to possess the lower limit to 
the thermal conductivity 	 κ , which is ~1 W.m-1K-1 for a-Si. However, recent work 
suggested that κ of micron-thick a-Si films can be greater than 3 W.m-1K-1, which is 
contributed by propagating vibrational modes, referred to as “propagons”. However, 
precise determination of κ in a-Si has been elusive. Here, we used novel structures of a-Si 
nanotubes and suspended a-Si films that enabled precise in-plane thermal conductivity 
(𝜅∥ ) measurement within a wide thickness range of 5 nm to 1.7 µm. We showed 
unexpectedly high 𝜅∥  in a-Si nanostructures, reaching ~3.0 and 5.3 W.m-1K-1 at ~100 nm 
and 1.7 µm, respectively. Furthermore, the measured 𝜅∥ is significantly higher than the 
cross-plane 𝜅  on the same films. This unusually high and anisotropic thermal 
conductivity in the amorphous Si nanostructure manifests the surprisingly broad 
propagon mean free path distribution, which is found to range from 10 nm to 10 µm, in 
the disordered and atomically isotropic structure. This result provides an unambiguous 
answer to the century-old problem regarding mean free path distribution of propagons 
and also sheds light on the design and performance of numerous a-Si based electronic and 
optoelectronic devices. 
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Amorphous Si (a-Si) nanostructures are being broadly used numerous electronic and 
optoelectronic devices, such as solar cells1, infrared thermal sensors2-3, transistors4-5, and 
displays6. Thermal management of these devices is often critical for their performance, 
reliability, and lifetime7. Thermal transport in a-Si, and more generally in amorphous 
materials, has been traditionally described by the ‘amorphous limit’ model  that can be 
traced back to Einstein in 19118, who attributed heat conduction in disordered solids to 
random walk of independent oscillators with a characteristic frequency, known as the 
Einstein frequency. Subsequently, Slack9, and Cahill and Pohl10 refined Einstein’s 
concept and proposed the widely-used minimum thermal conductivity (𝜅%&') model in 
disordered solids, referred to as the ‘amorphous limit’. This model has worked effectively 
in explaining 𝜅 of a large number of amorphous materials, such as oxides11-13.   
However, thermal conductivity of a-Si garnered tremendous renewed interests in recent 
years as measurements14-23 showed that thermal conductivity of a-Si can be considerably 
higher than the amorphous limit for a-Si, which is around ~1 W.m-1K-1. A summary of 
prior 𝜅 measurement results of a-Si is shown in Supplementary Figure S1. While the 
measured 𝜅 values scatter, the general trend was that 𝜅 is close to the 𝜅%&' (~1 W.m-1K-1) 
for a-Si, when the film thickness (t) is  ≤ 100 nm. This thermal conductivity is believed 
to be dominated by non-propagating higher-frequency modes, known as ‘diffusons’, as 
originally studied by Allen and Feldman24-26. However, for films greater than 1µm thick, 	𝜅  measurement can be higher than 3 W.m-1K-1. This extra thermal conductivity is 
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believed to be contributed by phonon-like propagating modes, referred to as 
‘propagons’24-26.  
 
The observed size dependent thermal conductivity provided insights into the mean free 
path (MFP) distribution of propagon in a-Si. As the 𝜅 only starts increasing with the 
thickness when t is ≥100 nm, these prior results suggested that the lower bound of 
propagon MFP must be considerably larger than 100 nm, otherwise propagon 
contribution would have been observed in films with t < 100 nm. This would mean a 
large discontinuity in the MFP in the transition from diffusons (interatomic distance) to 
propagons (> 100 nm). However, recent molecular dynamics (MD) and theoretical 
studies27-28 showed a smooth transition in the diffusivity, which is proportional to the 
MFP, from diffusons to propagons. These studies further showed that propagon MFP can 
range from ~10 nm to ~1 µm, but the bulk 𝜅 value is considerably lower than 4 W.m-1K-1. 
Clearly, there is still no consensus on the MFP distribution of propagons and the bulk ‘𝜅’ 
value of a-Si. Therefore, quantifying the MFP distribution of propagon in a-Si has 
fundamental significance in understanding thermal management of a large number 
devices based on a-Si nanostructures.  Furthermore, it will shed light on the century-old 
problem of thermal transport in disordered solids, which is important to the general field 
of nano-phononics29-31.  
This discrepancy motivated us to re-examine the thermal conductivity of a-Si 
nanostructures and subsequently quantify its propagon MFP distribution. We realized that 
all but one32 of the prior a-Si film 𝜅  measurements were done along the cross-plane 
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direction. These measurements, most commonly using the 3ω 15, 17 or time-domain 
thermal reflectance (TDTR) method16, 18, normally yield total cross-plane thermal 
resistance, which also includes the contact resistance (𝑅- ) between the film and the 
substrate as well as the metal transducers. For films with very small thickness, e.g., t=50 
nm, the intrinsic thermal resistance of the films is 𝑅/012 = t/κ ≤ 5×1009	m;. K.W0? 
(assuming 𝜅 ≥ 1  W.m-1K-1), which is on the same order of magnitude as solid-solid 
interfacial thermal resistance33. Thus it is difficult to separate film resistance and 𝑅- , 
resulting in a relative large uncertainty for  the measured 𝜅, especially for thin films (t < 
100 nm), as shown in our plot of reported 𝜅 values (Supplementary Figure S1)  and in 
Braun et al.’s work14. This issue is further complicated due to the quasi-ballistic transport 
nature of propagons across the film thickness34. 
In this work, in order to obtain intrinsic thermal conductivity value of a-Si nanostructures 
without the influence of contact resistance, we utilized novel structures and devices of a-
Si nanotubes (NTs) and films that enabled precise in-plane thermal conductivity (𝜅∥) 
measurements over a wide size range of 5 nm to 1.7 µm. The measured 𝜅∥  showed 
considerably higher values compared to 𝜅A: 𝜅∥ are ~1.5, ~3.0, and ~5.3 W.m-1K-1 for t=  
~5 nm, ~ 100 nm, and 1.7 µm, respectively. The size dependent 𝜅∥ data also suggests that 
propagons contribute significantly to 𝜅 of a-Si films even with thickness down to 5 nm, 
unlike the previously suggested lower bound of 100 nm. We also measured cross-plane 
thermal conductivity (𝜅A) of films, and yielded results that were consistent with prior 
studies, but considerably lower than 𝜅∥. The anisotropic 𝜅 observed in the films further 
manifests the broad MFP spectra of propagon. With the measured size dependent 𝜅 along 
both directions, we extracted the MFP distribution of propagon using an algorithm 
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developed by Minnich35. It is found that propagon MFP ranges from 10 nm to over 10 
µm and those with MFP greater than 1 µm contributes to ~30 % of 𝜅B in ‘bulk’ a-Si at 
300 K, which has a bulk value approaching ~5.5 W.m-1K-1 for t > 2 µm.  
RESULTS AND DISCUSSIONS 
We measured 𝜅∥  of a-Si nanotubes with shell thickness ranging from ~5 nm to ~100 nm, 
and both 𝜅∥ and 𝜅A of a-Si thin films with film thickness ranging from ~26 nm to 1.7 µm.  
Thermal conductivity measurements of a-Si nanotubes and films. Figure 1 (a) and (b) 
show the schematic and SEM image of in-plane a-Si NT devices. We also prepared a-Si 
film samples of 26 nm to 1.7 µm for both 𝜅∥ and 𝜅A measurements. First, we grew a-Si 
films on either Si or SiO2/Si substrates using identical growth conditions as the a-Si NTs. 
After the film growth, Figure 1(c) and (d) show the schematic and SEM image of 
suspended a-Si thin film devices for in-plane and 3ω cross-plane κ measurements (inset 
in Figure 1c).  
Structural analysis of a-Si nanotubes and films. Radial distribution function (RDF) 
analysis (Figure 2e) from the SAED images further confirmed that our a-Si NTs and 
films have the same degree of atomic disorder as reference a-Si films which were 
fabricated through ion bombardment on crystalline Si36. 
Room temperature thermal conductivity of a-Si nanotubes and films. Figure 3 shows 
the measured room temperature 𝜅∥ of a-Si NTs and films as a function of shell or film 
thickness (t). For NTs, we showed that no correlation between 𝜅∥ and sample length or 
outer diameter was observed (Supplementary Figure S2), suggesting negligible thermal 
contact resistance between the NTs and the suspended devices and the similarity between 
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the NTs and films with t being the characteristic size. It can be seen that 𝜅∥ shows strong 
size dependence, and increases with t from 5 nm to 1.7 µm. As discussed before, size 
dependence was not observed in sub-100 nm a-Si films in prior cross-plane 
measurements14, 21. However, our results showed that 𝜅∥  start increasing for 𝑡 ≥5 nm, 
revealing the important role that propagon plays in thermal transport in a-Si even down to 
5 nm thickness. From the size dependent data at 300 K, we can also see that 𝜅 will 
saturate to ~5.5 W.m-1K-1 when the thickness is larger than 2 µm (inset of Figure 3). This 
‘bulk’ value is much larger than what was expected for amorphous solids (~1 W.m-1K-1). 
Figure 3 also shows the thickness dependence of 𝜅A at 300 K, which has been corrected 
after subtracting the contact resistance 𝑅- (Supplementary Note 3). As mentioned earlier, 
the 3ω method used here can only measure the sum of the intrinsic thermal resistance of 
the films and 𝑅- , which is difficult to separate due to the quasi-ballistic nature of 
propagon transport across the films and the uncertainty involving in determining 𝑅- . 
Therefore, the 𝜅A reported here should only be considered as an effective value and has a 
larger uncertainty compared to the 𝜅∥ data, especially for smaller t. The measured  𝜅A of 
the Si films are similar to prior 𝜅Adata (Supplementary Information, Table S1 and Figure 
S1), namely, only increase for 𝑡 ≥ 100 nm, but lower than 𝜅∥ measured from the films 
fabricated from the same batches. The observed anisotropy of thermal transport in a-Si 
films further suggests that the propagon MFP is comparable to film thickness investigated 
here, similar to the case of crystalline Si films37-38.  
Temperature dependent 𝜿∥  of a-Si nanotubes and films. Figure 4 shows the 
temperature dependent  𝜅∥ of a-Si films and NTs from 40K to 300K, along with the 7.7 
	 7	
nm SiO2 NT. The films (t=1.7 µm, 525 nm, 170 nm, and 26 nm) and NTs (t = ~100, ~40, 
~20 and ~5 nm) show similar trend in the temperature dependence. Notably, the ~5 nm a-
Si NTs show similar 𝜅	as that of the SiO2, which is known to possess negligible propagon 
contribution28, indicating a similar behavior in a-Si when the size is approaching 5 nm. 
Furthermore, 𝜅∥  decreases with lower temperature, and by subtracting the diffuson 
contribution obtained from previous numerical model by Allen et al.25, we can show that 
propagon contribution is relatively more pronounced at lower temperature 
(Supplementary Figure S3) .   
Mean free path distribution of propagon in a-Si. The size and temperature dependence 
of 𝜅 in a-Si NTs and films can be utilized to quantify the cumulative MFP distribution of 
propagons, 𝐹 ΛG , at different temperatures. The cumulative MFP distribution for both 
directions (𝐹∥ ΛG  and 𝐹A ΛG ), as shown in Figure 5a, are reconstructed based on the 
normalized size dependent κG (i.e., κG/κG,IJKL) for both in-plane and cross-plane at 300 K 
(see details in Methods). Since there should be only one MFP distribution function for 
bulk a-Si, we varied p and Rc values, and found that 𝐹∥ ΛG  and 𝐹A ΛG  shows excellent 
agreement with p=0.35 and 𝑅M = 2×1009	m;. K.W0?. Note that the normalized cross-
plane data we used to reconstruct 𝐹A ΛG  is after subtracting RM = 2×1009	m;. K.W0?, 
and we do not include the 26 nm film due to the large uncertainty (Supplementary 
Information, Table S1). The value of RM = 2×1009	m;. K.W0?  is consistent with 
previous study for Si-SiO2 interface by Lee and Cahill33. The best fitting with p=0.35, 
instead of p=0, indicates that propagon scattering is partially specular at surface of our a-
Si NT and thin film samples. This is not surprising given the fact that the typical 
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wavelength of propagons in a-Si (>2 nm28) is much larger than the surface roughness of 
the a-Si NT (root mean square (rms)=0.815±0.04 nm), as determined from TEM imaging 
(Supplementary Figure S4). 
The extracted MFP spectra show that propagons with MFP down to 10 nm start 
contributing to κ at 300 K, which is much lower than the lower bound of MFP spectra 
(>100 nm) suggested by previous experimental studies14, 21, but is consistent with the 
recent MD and theoretical predictions27-28. In addition, instead of being saturated at 1 
µm21, we found that propagons with MFP greater than 1 µm contribute to ~30% of κG,IJKL . The role of these long MFP propagons might have been underestimated 
previously in both experiments21 (due to the interfacial effect in 𝑘A measurements) and 
simulations26, 28 (caused by the limited supercell size). The MFP distribution is 
surprisingly similar to that of phonon in crystalline Si 21, 39-40. This underscores the long 
range correlation in the amorphous structure 28.  
From the temperature dependent 𝜅∥ shown in Figure 4, we also reconstructed the 𝐹∥ ΛG  
at different temperatures, as shown in Figure 5b. The 𝐹∥ ΛG  is shifting slightly towards 
longer MFP with decreasing temperature. The propagon MFP range at 70 K is from 40 
nm to 20 µm, longer than that of 10 nm to 10 µm at 300 K. The contribution to κG,IJKL 
from propagons with MFP greater than 1 µm increases from ~30% at 300 K to ~50% at 
70 K. It should be noted that here we assumed p=0.35 from 300 K to 70 K. However, at 
lower temperature, propagons with longer wavelength, which are more likely to exhibit 
specular boundary scattering, are more dominant. Accordingly, the overall p would be 
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higher at lower temperature. Therefore, the extracted propagon MFP shown in Figure 5b 
could represent the lower bound for T < 300 K.  
Scattering mechanisms of propagons in a-Si. We used a phenomological model based 
on the Landauer formalism (see details in Methods) to understand the scattering 
mechanism of propagon and its MFP distribution. The size dependent modeling results 
are shown in Figure 3, along with the experimental data. The modeled in-plane and cross-
plane results were fit to the room-temperature size-dependent data along both directions, 
by using the same set of the fitting parameters: A, B, C, D, E, and 𝜂, which are adjustable 
parameters in the scattering terms. The cross-plane data (𝜅A) from the 26-nm thick film 
were not used for the fitting due to the large uncertainty. The corresponding cut-off 
frequency ω-,RS  for TA and ω-,TS  for LA modes were determined by examining the 
smooth cross-over of diffusivity for propagon to diffuson (Supplementary Figure S5). 
The best fitting parameters were found to be: A = 9.1×100W;	sY. rads0W  , B =4.2×100;_	s. rads0;. K0? , C = 175	K , D = 16.67	s.m0;K0? , E = 4.4×100Y	K0; , and 𝜂	= 0.60 nm. The modeling results show good fitting with all the experimental data 
(again, 𝜅A from the 26-nm thick film was not used for the fitting due to the large 
uncertainty). 
For in-plane film modeling result shown in Figure 3, we found that 𝑝 = 0 (fully diffusive 
boundary scattering) would not fit the 𝜅∥ data, which is consistent with the conclusion 
from the MFP reconstruction process (i.e., p = 0.35). Instead, using the ‘p’ calculated by 
the Ziman formula with 𝜂=0.60 nm shows excellent agreement with the 𝜅∥ data. The best 
fitted sample surface roughness 𝜂 is only slightly smaller than the experimental measured 
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rms of a-Si NTs (0.815±0.04 nm, see Supplementary Figure S4). This small discrepancy 
is likely due to the fact that Ziman model tends to under-estimate ‘p’41. Furthermore, 
instead of using Ziman’s formula, we found that using a constant p of 0.35 also fits well 
the in-plane data. This is consistent with the p value obtained from the MFP 
reconstruction processes from the 𝜅∥ and 𝑘A data at 300 K.  
With exactly the same parameters, we also modeled the temperature dependent behavior 
for NTs and films, as shown in Figure 4. The fitting agrees well with the experimental 
data for all the films and NTs down to 150 K, while below 150 K, the model shows 
slightly higher values compared to the experimental results. This indicates that our model 
for κG may underestimate the scattering strength for propagons at low temperature, or 𝜔- 
could be different at lower temperature. After fitting with all the temperature data for 
films and NTs, we also calculated bulk propagon thermal conductivity (i.e., κG,IJKL in 
Equations 1 and 2 in Methods), which are 4.9, 4.88, 4.73, 4.48 W.m-1.K-1 at 300, 200, 
100, and 70 K, respectively.  
CONCLUSIONS 
 We utilized novel structures of a-Si nanotubes and suspended a-Si films to 
systematically studied size dependent thermal conductivity of a-Si nanostructures. The 𝜅∥ 
measurements eliminated the influence of the thermal contact resistance and enabled 
precise measurement over a wide size range of ~5 nm to 1.7 µm. The 𝜅∥ data showed 
unexpectedly high in-plane thermal conductivity (𝜅∥ >3 W.m-1K-1) in a-Si nanotubes and 
films of ~100 nm thickness, which is further increased to ~5.3 W.m-1K-1  in 1.7 µm thick 
film. The measured 𝜅∥ is significantly higher than that of  𝜅A for films of  of ~26 nm to 
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1.7 µm thick. We find that the propagons have MFP spectra ranging from 10 nm to 10 
µm at 300 K, and the contribution to propagon thermal conductivity from propagons with 
MFP greater than 1 µm increase from ~30 % at 300K to ~50 % at 70 K. We also carried 
out phenomenological modeling to correlate the propagon scattering mechanisms to the 
observed MFP distribution, and showed that partially specular scattering boundary 
scattering and the broad MFP spectra account for the large 𝜅 anisotropy in the a-Si NTs 
and films. 
 
METHODS 
Preparation and thermal conductivity measurement of a-Si nanotubes. 
The a-Si NTs were fabricated by depositing a-Si shells on Ge nanowires at 490 oC with 
four different nominal shell thicknesses of 5, 20, 40, and 100 nm, and then selectively 
etching the Ge cores42. Detailed geometry information of NTs can be found in 
Supplementary Information (Table S2). We measured 𝜅∥ of the NTs using the suspended 
micro-device method43-44. To calibrate our measurement, we measured an amorphous 
SiO2 NT of similar geometry (shell thickness of 7.7 nm) and large amorphous SiO2 
nanowires (diameters of ~250 nm), and obtained results that match well with the 
established values of a-SiO2 (Supplementary Figure S7). 
Preparation and thermal conductivity measurement of a-Si films. 
We prepared a-Si film samples of 26 nm to 1.7 µm for both 𝜅∥ and 𝜅A measurements. 
First, we grew a-Si films on either Si or SiO2/Si substrates using identical growth 
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conditions as the a-Si NTs. After the film growth, devices were fabricated for suspended-
beam in-plane (Figure 1c,d) and 3ω cross-plane κ measurements (inset in Figure 1c). 
Details of device fabrication and 𝜅∥ and 𝜅A measurements can be found in Supplementary 
Information (Supplementary Notes 9, 10, 11). 
Mean free path reconstruction. 
We followed the method proposed by Minnich35 to reconstruct mean free path 
distribution from the measured size dependent 𝜅∥ and 	𝜅A.	  For both 𝜅∥  and	𝜅A , the 
propagon contribution κG is obtained by subtracting the diffuson contribution 𝜅i25 from 
the measured total 𝜅, i.e., κG = κ − 𝜅i .	 Then	κG	is related to the propagon MFP (ΛG)35, 45 
via, 
κG = κG,IJKL 𝑆 lmn 𝑓 ΛG 𝑑ΛGq_ , (1) 
where 𝑡  is the film thickness, κG,IJKL  is 𝜅B  of bulk a-Si, 𝑓 ΛG  is differential MFP 
distribution, and is related to 𝐹 ΛG  through 𝐹 ΛG = 𝑓 𝑥 𝑑𝑥lm_ ; S lmn  is the heat flux 
suppression function, representing the suppression effect on propagon MFP in thin films 
relative to bulk a-Si. Using integration by parts on Eq. (1), we can obtain35, 46 
κG = κG,IJKL 𝑡0?𝐻 lmn 𝐹 ΛG 𝑑ΛGq_ ,  (2) 
where the kernel 𝐻 lmn  is defined as 	𝐻 lmn = −dS/d lmn . With the measured κG for 
a-Si NTs and films with different thickness 𝑡 we can reconstruct the smooth cumulative 
MFP distribution 𝐹 ΛG  from Eq. (2) using an algorithm proposed by Minnich35 based on 
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convex optimization. The suppression function S lmn  of films along the in-plane45 and 
cross-plane47 directions are given as  
S∥ lmn = 1 − Y ?0G; lmn 𝑢 − 𝑢Y ?0vwG	(0 yz{m)?0B⋅vwG	(0 yz{m) d𝑢?_ , (3) 
SA lmn = 1 − lmn 1 − exp − n ,  (4) 
where p in Eq. (3) is the specularity parameter for boundary scattering, which can range 
from 0 (fully diffusive) to 1 (fully specular). While p depends on frequency and hence 
MFP, here we employed a single p value in order to reconstruct 𝐹∥ ΛG . As we shall see 
later in the thermal conductivity model, this p value represents an effective one for all the 
propagon modes when frequency dependent p is taken into account. 
Modeling of thermal conductivity. 
We constructed the analytical model using the Landauer approach described by Jeong et 
al.48 For both in-plane and cross-plane directions, the overall 𝜅 includes the contribution 
from propagon and diffuson, i.e., κ = κG + 𝜅i. 𝜅i 	is obtained from Reference25. κG	can 
be modeled based on the Landauer approach, namely48 
κG = LY S 𝑇B𝐿 𝑊B𝑑 ℏ𝜔,_ ,  (17) 
where 𝑘 , h, T, A, L are Boltzmann constant, Planck's constant, temperature, sample 
cross-section area, and length, respectively; ω-,  is the cut-off frequency between 
propagons and diffusons for the 𝑗n  mode (transverse acoustic (TA) and longitudinal 
acoustic (LA) modes); 𝑀G  is the number of conducting channels at ℏ𝜔 ; 𝑊B  is the 
“window” function defined as 𝑊G = Y ℏR ; −  ℏ , where n_(𝜔) is Bose-Einstein 
distribution; and 𝑇G  is the transmission function at ℏ𝜔 . It has been shown that the 
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Landauer approach is equivalent to that based on the Boltzmann Transport Equations, but 
provides a convenient approach to model both diffusive and ballistic transport and along 
different directions48. For the films in-plane modeling, we considered both cases by 
assuming constant specularity parameter ‘p’ and by the Ziman formula, i.e., 𝑝 =exp − ? 41, 49, where 𝜂 is the characteristic dimension of the surface roughness, and 𝑙G  is the wavelength of the propagons. The details of the model can be found in 
Supplementary Information (Supplementary Note 6). 
Scattering mechanisms in this model for propagons in bulk a-Si include harmonic 
Rayleigh-type scattering (with diffusivity expressed as D0? = 3𝐴𝜔W/𝑣B;) 18, 26, 28, 
anharmonic Umklapp scattering (D¢0? = 3𝐵𝑇𝜔;exp	(−𝐶/𝑇)/𝑣B;) 14, 25, 28, and 
anharmonic “two level system” (TLS) scattering ( D0? = 	¥ℏ tanh ℏ;R +¥; §R¨?©§R¨/ℏ)26, 50-51. Here, ‘A’, ‘B’, ‘C’, ‘D’, and ‘E’ are adjustable parameters, which 
were determined by fitting the model to all the measured samples within the studied 
temperature range. Although the importance of the tunneling states scattering in a-Si is 
still under debate32, 52-54 and the tunneling states density for TLS in a-Si strongly depends 
on the deposition methods55-56 and growth temperature54, we found that we had to include 
the TLS in order to fit the temperature dependent 𝜅∥  data. If we only considered the 
Rayleigh-type and Umklapp scattering terms, the modeling result would lead to 
increasing 𝜅 at low temperature (Supplementary Information, Figure S6). 
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Figure Captions 
 
Figure 1. Thermal conductivity measurement schemes for in-plane and cross-plane 
configurations. (a) Schematic and (b) SEM image of in-plane a-Si NT device. (c) 
Schematics of either in-plane (main panel) or cross-plane 3𝜔 (inset) a-Si film devices. (d) 
SEM image of suspended a-Si film supported by two Pt/Cr electrode bridges (marked as 
heating and sensing). Scale bars for (b) and (d) are 5 µm. 
Figure 2. TEM images of (a) 5 nm thick a-Si NT, (b) 20 nm thick a-Si NT, (c) 100 nm 
thick a-Si NT, (d) 100 nm thick a-Si film, and (e) Radial distribution function (RDF) of 
the a-Si NTs and the 100 nm-thick a-Si film. The RDF of a reference a-Si film is from 
previous work by Laaziri et al.36 The scale bars are 10 nm for (a) and (b), 50 nm for (c), 
and 5 µm for (d). 
Figure 3. Thermal conductivity (𝜅) of the a-Si NTs (blue triangle up) and a-Si films for 
in-plane (red triangle down) and cross-plane (black square). The experimental results of 
in-plane films agree very well with the a-Si NTs. The cross-plane data have been 
corrected after subtracting the contact resistance (Supplementary Note 3). The cross-
plane 26 nm film shows large error bar mainly due the uncertainty of the contact 
resistance. Model based on Landauer approach48 is used to calculate the thickness 
dependent thermal conductivity behavior of thin films. The cross-plane model (black 
dash line) fits well with our cross-plane data, except the 26-nm thick film which is 
dominantly affected by contact resistance. The model with specularity parameter p=0 
(blue dash-dot line) gives poor fitting with our in-plane thin film and NTs data, while the 
model with frequency dependent ‘p’ by Ziman’s formula (roughness 𝜂=0.60 nm) (red 
solid line) shows excellent agreement with the in-plane data. We also plot the model 
based on an effective constant p of 0.35 for comparison. The inset shows the same plot 
with linear scale on the x-axis. κ is saturating to ~5.5 W/m-K when thickness is larger 
than 2 µm. Thermal conductivity of the diffuson part (dash-dot-dot line) based on Allen-
Feldman (AF) theory25, 28 is also shown in the inset as a reference. 
Figure 4. Temperature dependent 𝜅∥ for a-Si film and NT samples. Films with thickness 
of 1.7 µm (gray diamond), 525 nm (black triangle down), 170 nm (blue triangle up) and 
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26 nm (dark cyan square) show similar trend of temperature dependence as the NTs with 
thickness of 96 nm (red circle), ~40 nm (dark yellow symbols), ~20 nm (pink symbols) 
and ~5 nm (dark green symbols). Our model shows excellent agreement with the 
experimental data for all the samples down to 150 K. At T<150 K, the fitting slightly 
deviates from the experiment, suggesting the scattering strength for propagons may be 
underestimated at low temperature. A SiO2 NT with shell thickness of 7.7 nm (cyan 
diamond) was measured for calibration. 
Figure 5. (a) Normalized 𝜅∥ (red triangle) and 𝑘A (black square) of propagons, and the 
corresponding reconstructed propagon MFP distribution at 300K. The x-axis is the 
‘sample thickness’ for the normalized 𝜅 or ‘MFPP’ for the MFP distribution curves. With 
specularity parameter p=0.35 (red solid line), instead of p=0 (blue solid line), the MFP 
distribution reconstructed from 	𝜅∥  agrees well with that from 𝑘A  (black dash line), 
suggesting partial specular scattering. The MFP spectra range from 10 nm to 10 µm at 
300 K. (b) Reconstructed propagon MFP distributions based on 𝜅∥ from 300 K to 70 K. 
The contribution to κG from propagons with MFP greater than 1 µm increases from 30% 
at 300 K to 50% at 70 K. 
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Figure 1. Thermal conductivity measurement schemes for in-plane and cross-plane 
configurations. (a) Schematic and (b) SEM image of in-plane a-Si NT device. (c) 
Schematics of either in-plane (main panel) or cross-plane 3𝜔 (inset) a-Si film devices. (d) 
SEM image of suspended a-Si film supported by two Pt/Cr electrode bridges (marked as 
heating and sensing). Scale bars for (b) and (d) are 5 µm. 
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Figure 2. TEM images of (a) 5 nm thick a-Si NT, (b) 20 nm thick a-Si NT, (c) 100 nm 
thick a-Si NT, (d) 100 nm thick a-Si film, and (e) Radial distribution function (RDF) of 
the a-Si NTs and the 100 nm-thick a-Si film. The RDF of a reference a-Si film is from 
previous work by Laaziri et al.36 The scale bars are 10 nm for (a) and (b), 50 nm for (c), 
and 5 µm for (d). 
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Figure 3. Thermal conductivity (𝜅) of the a-Si NTs (blue triangle up) and a-Si films for 
in-plane (red triangle down) and cross-plane (black square). The experimental results of 
in-plane films agree very well with the a-Si NTs. The cross-plane data have been 
corrected after subtracting the contact resistance (Supplementary Note 3). The cross-
plane 26 nm film shows large error bar mainly due the uncertainty of the contact 
resistance. Model based on Landauer approach48 is used to calculate the thickness 
dependent thermal conductivity behavior of thin films. The cross-plane model (black 
dash line) fits well with our cross-plane data, except the 26-nm thick film which is 
dominantly affected by contact resistance. The model with specularity parameter p=0 
(blue dash-dot line) gives poor fitting with our in-plane thin film and NTs data, while the 
model with frequency dependent ‘p’ by Ziman’s formula (roughness 𝜂=0.60 nm) (red 
solid line) shows excellent agreement with the in-plane data. We also plot the model 
based on effective constant ‘p=0.35’ (blue solid line) for comparison. The inset shows the 
same data with linear scale on the x-axis. κ is saturating to ~5.5 W/m-K when thickness 
is larger than 2 µm. Thermal conductivity of the diffusons (κ«) (dash-dot-dot line) based 
on Allen-Feldman (AF) theory25, 28 is also shown in the inset as a reference. 
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	Figure 4. Temperature dependent 𝜅∥ for a-Si film and NT samples. Films with thickness 
of 1.7 µm (gray diamond), 525 nm (black triangle down), 170 nm (blue triangle up) and 
26 nm (dark cyan square) show similar trend of temperature dependence as the NTs with 
thickness of 96 nm (red circle), ~40 nm (dark yellow symbols), ~20 nm (pink symbols) 
and ~5 nm (dark green symbols). Our model shows excellent agreement with the 
experimental data for all the samples down to 150 K. At T<150 K, the fitting slightly 
deviates from the experiment, suggesting the scattering strength for propagons may be 
underestimated at low temperature. A SiO2 NT with shell thickness of 7.7 nm (cyan 
diamond) was measured for calibration. 
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Figure 5. (a) Reconstructed propagon MFP distribution at 300K. With specularity 
parameter p=0.35 (red solid line), instead of p=0 (blue solid line), the MFP distribution 
reconstructed from	𝜅∥ agrees well with that from 𝑘A (black dash line), suggesting partial 
specular scattering. The MFP spectra range from 10 nm to 10 µm at 300 K. (b) 
Reconstructed propagon MFP distributions based on 𝜅∥  from 300 K to 70 K. The 
contribution to κG from propagons with MFP greater than 1 µm increases from 30% at 
300 K to 50% at 70 K. 
 
